Introduction {#S1}
============

In eukaryotic cells, the nucleus is separated from the cytoplasm. Maintenance of cellular functions requires trafficking of many bio-macromolecules into and out of the nucleus. Proteins that are targeted to the nucleus are marked by one or more sequence elements termed [N]{.ul}uclear [L]{.ul}ocalization [S]{.ul}ignal (NLS) \[[@R1], [@R2]\], while the proteins that are transported out of the nucleus carry one or more [N]{.ul}uclear [E]{.ul}xporting [S]{.ul}ignal (NES) sequence tags \[[@R3]\]. Nucleocytoplasmic trafficking occurs via the nuclear pore complex (NPC). Most protein transportation through the NPC is mediated by specific cargo and a nuclear receptor system, importins and exportins \[[@R4]--[@R6]\]. Interestingly, many proteins often carry both NLS and NES signals. This characteristic usually leads to shuttling of these proteins between the nucleus and the cytoplasm \[[@R7]\].

The nuclear p68 RNA helicase (hereafter referred to as p68) is a prototypical member of the DEAD box family of RNA helicases \[[@R8], [@R9]\]. As an early example of a cellular RNA helicase, the ATPase and the RNA unwinding activities of p68 RNA helicase were previously documented \[[@R10]--[@R12]\]. Expression of p68 correlates with cell proliferation and early organ maturation \[[@R13]\]. P68 RNA helicase is suggested to function in DNA methylation/demethylation pathways \[[@R14]\], Our laboratory has demonstrated *in vitro* and *in vivo* that p68 RNA helicase is an essential splicing factor that plays a role in unwinding the transient U1:5' splice site duplex \[[@R15], [@R16]\]. Interestingly, results from several laboratories including our laboratory suggest that p68 RNA helicase may be involved in transcription regulation of a number genes \[[@R17]--[@R22]\] \[[@R23]\]. Studies appear to suggest that p68 RNA helicase is involved in transcriptional regulation by different mechanisms of action dependent on each individual regulated gene and biological processes \[[@R13], [@R21], [@R24]--[@R27]\]. Experiments in our laboratory also demonstrate that p68 is phosphorylated at multiple amino acid residues, including serine/threonine and tyrosine \[[@R28], [@R29]\]. Tyrosine phosphorylation of p68 correlates with tumor progression \[[@R25]\]. Phosphorylation of p68 at Y593 mediates the effects of growth factors in promoting epithelial-mesenchymal-transition (EMT). The phosphor-p68 promotes EMT by facilitating β-catenin nuclear translocation \[[@R30]\]. In the present study, we demonstrate that p68 shuttles between the nucleus and the cytoplasm. P68 shuttling is mediated by two NLSs and two NESs sequence elements. Our data show that p68 shuttles via the classical RanGTPase dependent pathway.

Results {#S2}
=======

P68 RNA helicase shuttles between the nucleus and the cytoplasm {#S3}
---------------------------------------------------------------

We previously reported that Y593 phosphorylated p68 facilitates cytoplasmic β-catenin nuclear translocation by displacing the cytoplasmic β-catenin anchor protein axin \[[@R30]\]. We reasoned that cytoplasmic localization is due to p68 shuttling between the nucleus and the cytoplasm. A number of nuclear localized proteins have been shown to be nucleocytoplasm shuttles \[[@R31], [@R32]\]. We thus employed a heterokaryon assay \[[@R33]\] using SW620 cells and NIH3T3 cells to test whether p68 shuttles between the nucleus and the cytoplasm. HA-tagged p68s were exogenously expressed in SW620. After fusing the SW620 with NIH3T3 cells, the HA-p68s were detected in the nucleus of NIH3T3 cells ([Fig. 1](#F1){ref-type="fig"}, upper panel). As a negative control, the non-shuttling protein MS2-DEK \[[@R34]\] expressed in SW620 cells could not be detected in the nucleus of NIH3T3 cells ([Fig. 1](#F1){ref-type="fig"}, bottom panel). The experimental results suggest that p68 is a nucleus -- cytoplasm shuttling protein with a much longer residence time in the nucleus.

Identification of NLSs and NESs of p68 {#S4}
--------------------------------------

Most nucleocytoplasm shuttling proteins carry sequence elements of both NLS and NES. We analyzed the amino acid sequence of p68 and found a number of sequence segments that resemble NLSs and NESs ([Fig. 2A](#F2){ref-type="fig"} and [Fig. 3A](#F3){ref-type="fig"}). The NLS sequences were selected based on similarity to the classical SV40 and bipartite NLS sequences \[[@R35], [@R36]\], while the NES sequences were selected based on similarity to the consensus hydrophobic residue rich NES sequence, ϕX~2--3~ϕX~2--3~ϕXϕ where ϕ is a hydrophobic residue and X is any amino acid residue \[[@R37]\]. To test the functionality of these putative NLSs and NESs in p68, we first fused each individual putative NLS or NES with a fluorescent protein DsRed. The fusion proteins were expressed in SW620 cells. It was clear that only NLS3 and NLS4 led to a substantial nuclear accumulation of the fluorescent protein ([Fig. 2B](#F2){ref-type="fig"}). To verify the functionality of NLS3 and NLS4, we made mutations in NLS3 (R352A, R353A, K360A, and R362A) or NLS4 (R484A, R494A and K501A) in the context of full length p68. The HA-tagged mutants were expressed in SW620 cells. Immunostain of the exogenously expressed HA-p68, wt and the mutants, indicated that nuclear localization of the HA-mutants was dramatically reduced ([Fig. 2C](#F2){ref-type="fig"}). Quantification of fluorescence intensity in the nucleus and the cytoplasm of a random group of cells confirmed the reduction of nuclear HA-p68 (the mean average of Cyto/Nu fluorescence intensity ratio were 0.038 +/− 0.026 for wt, 1.477 +/− 0.029 for NLS3-M, and 1.489 +/− 0.097 for NLS4-M). The results suggested that NLS3 and NLS4 indeed functioned as nuclear localization signals of p68. Fusion of NES2 and NES5 with the fluorescent protein resulted in high levels of cytoplasmic fluorescent protein ([Fig. 3B](#F3){ref-type="fig"}). Interestingly, fusion of NES8 with DsRed led to slightly higher levels of fluorescent protein localization in the cytoplasm ([Fig. 3B](#F3){ref-type="fig"}), indicating that NES8 is a weak nuclear export signal. Treatment of cells with leptomycin B (LMB) abolished the cytoplasmic localization patterns of DsRed fusion proteins (NES2, NES5, and NES8) ([Fig. 3C](#F3){ref-type="fig"}). The results suggested that NES2, NES5 and NES8 potentially function as nuclear export signals of p68. To further test the functions of nuclear localization signals and nuclear export signals of p68, we constructed several p68 deletion mutants ([Fig. 4A](#F4){ref-type="fig"}). These deletion mutants were expressed in SW620 cells either as HA-tag proteins or eGFP-fused proteins (due to small sizes of truncates). Locations of each putative NLSs and NESs of p68 in the p68 truncation proteins are indicated. The localizations of these p68 truncates were analyzed by immunostaining with anti-HA antibody or imaging of eGFP. DII and DIII localized to the nucleus, indicating that NLS4 is a functional NLS, while the NES1 and NES 7--8 are not functional NES. Strong cytoplasmic DIV and DV were observed, suggesting that one or more of NES 2 -- 6 are functional NES. The stronger fluorescence in DV than that of DIV and certain levels of cytoplasmic localization of DVI indicate function of NLS3. In summery, these results supported that NLS3 and NLS4 may function as nuclear localization signals of p68 while NES2 and NES5 may function as nuclear exporting signals of p68. Consistent with our experimental results, NLS3 is located in an exposed helical secondary structure while NLS4 is located in an exposed loop that is flanked by two α-helixes in a computer simulated p68 model structure ([Fig. 4B](#F4){ref-type="fig"}). Both NES5 and NES8 are also located on the exposed surface in the model structure, while NES2 is buried under an α-helix in the model structure. This structure model provided additional support for the identification of the NLSs and NESs of p68.

We next mutated both NLS3 and NLS4 by the same mutations described above (hereafter referred to as NLS-M). The mutant was expressed in SW620, T98G, and SW480 cells. Immunofluorescence staining demonstrated that no significant levels of p68 mutant localized in the cell nucleus ([Fig. 2D](#F2){ref-type="fig"}). The results were further verified by immunoblot analyses of exogenously expressed HA-p68s (wt and the mutant) in the cytoplasmic and nuclear extracts made from HA-p68s expressing T98G cells ([Fig. 2E](#F2){ref-type="fig"}). It was also clear that the mutant no longer shuttled between the nucleus and the cytoplasm as demonstrated by the heterokaryon assay ([Fig. 1](#F1){ref-type="fig"}, 2nd panel from top). The distribution pattern did not change significantly when the heterokaron cells were treated with LMB (data not shown). In our structure model, NES5 and NES8 are well exposed, while NES2 is buried. Thus, we constructed the p68 NES mutant by mutations at both NES5 and NES8, F293A, L294A, L298A, L305A, L456A, and I457A (hereafter referred to as NES-M). Immuno fluorescence staining of SW620 cells that expressed the mutant showed an exclusive nuclear localization of the mutant ([Fig. 3D](#F3){ref-type="fig"}). Heterokaryon assay demonstrated that the nucleocytoplasmic shuttling of p68 was almost completely abolished by the mutations ([Fig. 1](#F1){ref-type="fig"}, 3^rd^ panel from top). In contrast, mutations separately on either NES5 or NES8 (same mutations) did not completely abolish but certainly reduced the shuttle of HA-p68 to the NIH3T3 cell nucleus ([Fig. 1](#F1){ref-type="fig"}, 4^th^ and 5th panels from top). Our mutational analyses confirmed that the NLS3/NLS4 and NES5/NES8 were functional NLSs and NESs, and these NLSs and NESs were required for p68 nuceocytoplasmic shuttling.

P68 shuttles via a RanGTPase dependent pathway {#S5}
----------------------------------------------

CRM1 is an export receptor mediating nuclear export of proteins that carry leucine-rich nuclear exporting signals \[[@R38], [@R39]\]. We demonstrated that p68 RNA helicase carries NLSs and NESs sequences that mediate nucleocytoplasmic shuttling. We reasoned whether overexpression of CRM1 would affect the localization of p68. We exogenously expressed CRM1 in SW620 cells ([Fig. 5A](#F5){ref-type="fig"}). Immunoblot of p68 indicated that there were significantly higher levels of cytoplasmic p68 after CRM1 was exogenously expressed in the cells, and the increases in cytoplasmic p68 were inhibited by LMB treatment ([Fig. 5B](#F5){ref-type="fig"}). Increases in cytoplasmic p68 by expression of CRM1 were not observed with p68 mutant that carries mutations at both NES5 and NES8 ([Fig. 5C](#F5){ref-type="fig"}). To further confirm the effects of CRM1 on export of p68, we probed the interaction between p68 and endogenous CRM1 via co-immunoprecipitation. It was clear that p68 co-immunoprecipitated with endogenous CRM1 ([Fig. 5D](#F5){ref-type="fig"}). The results suggest that p68 RNA helicase was exported from the nucleus mediated by exportin pathway. The effects of exogenous expression of CRM1 on p68 export were further confirmed by immunostaining analyses. It was evident that staining of p68 in the cytoplasm was significantly increased upon the expression of CRM1, and the increases were inhibited by LMB ([Fig. 5E](#F5){ref-type="fig"}). To further verify that the p68 nucleocytoplasmic shuttling is mediated by RanGTPase pathway, we tested whether p68 interacts with importin *in vitro*. We used a commercially available his-tag importin α2. When his-importin α2 was incubated with recombinant GST-p68, GST-p68 could not be pulled-down by his-importin α2 ([Fig. 6A](#F6){ref-type="fig"}). It is known that importin α2 functions as a hetero-dimer with importin β \[[@R40], [@R41]\]. Therefore, we added another commercially available recombinant importin β1. It was clear that GST-p68 co-precipitated with his-importin α2 when importin β1 was also present, but the p68 NLS mutant (NLS-M) did not co-precipitate with his-importin α2 under any condition ([Fig. 6A](#F6){ref-type="fig"}). We also carried out co-precipitation experiments with immunopurified HA-p68 from HEK293 cells. The his-importin α2/importin β1 co-immunoprecipitated with the purified HA-p68 using anti-HA antibody. However, the importins did not immunoprecipitate with HA-p68 NLS mutant ([Fig. 6B](#F6){ref-type="fig"}). The interaction of p68 with importins was verified by co-immunoprecipitation experiment with endogenous importin α2/β1 ([Fig. 6C](#F6){ref-type="fig"}). The observations suggested that p68 interacts with the importin α2/β1 dimer, providing additional support for the nucleocytoplasmic shuttling of p68 via the RanGTPase pathway.

Discussion {#S6}
==========

P68 RNA helicase was shown to predominately localize in the cell nucleus \[[@R42]\]. However, recent experiments carried out in Janknecht's and our laboratories showed a transient cytoplasmic localization of the protein \[[@R19], Gao and Liu, unpublished observations\]. In this report, we presented data demonstrating the nucleocytoplasm shuttling of p68 RNA helicase. Our experiments showed that p68 shuttling is mediated by two NLSs and two NESs sequence elements. The p68 nuclear export and import follow a RanGTPase dependent pathway. Interestingly, a number of DEAD/DExH box RNA helicases have also been shown to shuttle between the nucleus and cytoplasm, including eIF-4AIII, An3, GRTH/Ddx25, and RNA helicase A \[[@R34], [@R43]--[@R45]\]. However, the functional role of the shuttling of these RNA helicase is not well known. P68 RNA helicase was previously shown to interact with mRNA/mRNP \[[@R16]\]. Thus, one possibility is that the p68 export and shuttle is associated with mRNP export. It was shown that shuttling of GRTH/Ddx25 is dependent upon mRNP exporting \[[@R43]\]. However, the interaction of p68 with CRM1 is RNA independent, as p68 still co-immunoprecipitated with CRM1 in the nuclear extracts treated by RNase (data not shown), indicating that p68 nuclear export may not dependent upon mRNA exporting.

The cellular function(s) of the p68 RNA helicase nucleocytoplasmic shuttling is an open question. In general, proteins that shuttle between the nucleus and the cytoplasm usually have distinct cellular functions in these two separated sub-cellular compartments. They often re-localize to the nucleus or the cytoplasm to fulfill specific functional role(s) in response to a particular cellular signal stimuli \[[@R46], [@R47]\]. Alternatively, nucleocytoplasmic shuttling of a protein can function as a 'chaperons' to help nuclear import or export of other proteins or RNAs. \[[@R48], [@R49]\]. Cellular functions of p68 helicase in the cell nucleus are well documented. The protein is functionally involved in gene transcription \[[@R21]--[@R23], [@R50]\], pre-mRNA \[[@R15], [@R16]\], pre-rRNA, and pre-miRNA processing \[[@R51], [@R52]\]. Whether p68 RNA helicase has any potential function(s) in the cytoplasm is currently not very clear. Goh et al. detected the interaction of p68 with HCV-NS5B in the cytoplasm in the viral infected or NS5B expressing 293 cells and the interaction is essential for viral replication \[[@R53]\]. In another independent study, D. Harris and co-workers found that the 3'-nontranslated region of HCV interact with p68 in an RNA affinity capture experiments with the cytoplasmic extracts of 293 cells that express viral replicon \[[@R54]\]. These observations are consistent with our experimental results indicating that p68 localizes both in the nucleus and the cytoplasm. However, despite the demonstration of the function of p68 in HCV replication in the cytoplasm of virus infected cells, the evidence that suggest the involvement of p68 in any cellular process in the cytoplasm is currently lack. We have observed a significant increases in cytoplasmic p68 levels upon treatment of cells with several growth factors and chemokines \[[@R30], Wang, unpublished observations\], indicating that p68 may functions in the cytoplasm under specific cellular conditions, such as abnormal growth or cell migration in response to growth factor or chemokine stimulations.

Localization of p68 is intriguing. The protein is shuttling between the nucleus and the cytoplasm, while the protein predominantly resides in the cell nucleus, and is nearly undetectable outside of the nucleus by immunostaining or by immunoblot analyses of cytoplasmic extracts. The phenomenon suggests that the function of the NESs of p68 is tightly regulated. It is possible that an interacting partner(s) in the nucleus masks the p68 NESs sequences. Nuclear export of p68 depends on the dissociation of the interaction partner(s). Our data demonstrated that p68 has three sequence elements that potentially function as NESs. On the other hand, structural modeling of p68 helicase core showed that one of the potential NES (NES2) is buried under an α-helix. Therefore, it is possible that a specific post-translational modification drives conformational changes which subsequently expose this buried NES sequences for p68 export \[[@R55]\]. Very similar regulatory mechanisms were observed in nuclear exporting and importing of Dok1 and NF-AT1 \[[@R56], [@R57]\]. In consistent with this notion, we observed a substantially increased cytoplasmic p68 levels in cells when the cells were treated with several growth factors and chemokines \[[@R30], and data not shown\], suggesting a possibility that the growth factors and chemokines treatments trigger the exposure of the NES sequences for nuclear export of p68. There are two NLS sequences. Mutation of either NLS reduced nuclear localization (increased cytoplasmic p68, [Fig. 2C](#F2){ref-type="fig"}), indicating that both NLSs contribute partly to nuclear localization of p68.

Materials and Methods {#S7}
=====================

Reagents, antibodies, and cells {#S8}
-------------------------------

Leptomycin B (LMB), PEG3350, cycloheximide, HA peptide, and protease inhibitor cocktail were purchased from Calbiochem, Sigma, and Roche respectively. Antibodies against HA and His tags, GAPDH, Lamin A/C, β-actin, and Histone 2A were purchased from Roche, Cell signaling, Upstate, and Chemicon respectively. The monoclonal antibody P68-RGG and polyclonal antibody Pabp68 against p68 were produced in our laboratory. Cell lines SW480, SW620, HT29, NIH3T3, and T98G were purchased from ATCC and cultured by following the vendor's instructions.

Plasmids construction {#S9}
---------------------

The HA-tagged p68s expression plasmids (wild type, and Y593F, Y595F, LGLD, and NLS-M mutants) were constructed in pHM6 vectors as previously reported \[[@R30]\]. The vectors for expression of eGFP and DsRed fusion proteins were constructed using eGFP-pcDNA-3.1(+) or pDsRed1--N1 vectors. Full length p68 or deletion mutants of p68 variants were sub-cloned into the vector by EcoR321 and NotI restriction sites. The p68 or deletion mutants were fused at the C-terminal of the fluorescent protein tag. Different putative NLSs or NESs tagged DsRed were constructed by cloning into pDsRed-N1 vectors at 5' (BamHI and EcoRI sites) with the addition of a starting methionine at the N-terminal of each NLS or NES respectively. Site directed mutagenesis was performed using QuikChange® Multi Site-Directed Mutagenesis Kit (Stratagene). All the DNA clones and mutations were verified by auto-DNA sequencing at GSU. The procedures for transfection of expression vectors of HA-p68, fluorescent proteins, and Crm1 and duplex RNAi were similar to our previous reports \[[@R30], [@R50]\].

Expression and purification of recombinant GST-p68 {#S10}
--------------------------------------------------

Recombinant GST-p68 was expressed and purified as described in our previous report \[[@R58]\].

Interactions between p68 and importins {#S11}
--------------------------------------

Recombinant GST-p68 (8 µg) was incubated with commercial his-importin α2 (8 µg) and/or importin β1 (Calbiochem) overnight at 4°C in 500 µl in PBS buffer. After incubation, the protein complex was pulled-down by Ni-TED silica beads. The pull-down proteins were separated by 10% SDS-PAGE, and were analyzed by immunoblot using anti-GST or anti-his-tag antibodies. The presence of importin β1 was visualized by ponceau S staining. For co-immunoprecipitation of HA-p68 with importin α2, HA-p68s, wt or mutant, were expressed in HEK cells and were immunoprecipated using 30 µl anti-HA antibody. Protein G agarose (50 µl) was added to the mixture. After extensive washing, HA-p68s were eluted from the beads by competition using HA peptide (100 µg/ml). The eluted HA-p68s were dialyzed against PBS. The recombinant importin α2 and/or β1 was incubated with the purified HA-p68 in PBS for 4 hours. The protein mixtures were immunoprecipated using anti-HA antibody. The precipitated complex was separated in 10% SDS-PAGE followed by immunoblot using anti-his-tag antibody. The presence of HA-p68 was detected by immunoblot using the antibody p68-rgg.

Heterokaryon analyses and immunofluoresence imaging {#S12}
---------------------------------------------------

The experimental procedures for immunofluoresence staining and imaging were similar to our previous reports \[[@R30], [@R59]\]. For heterokaryon analyses, SW620 cells were first transfected with HA-p68s (wt or mutants) or MS2-DEK. The cells were mixed with an equal number of mouse NIH3T3 cells 24 hour post-transfection and reseeded in 4-well chambers. Subsequently, 50 µg/ml of cycloheximide was added to the culture medium to inhibit protein synthesis. After 3h, the co-cultured cells were fused using 50% PEG3350 for 2 minutes, washed, and incubated with the medium containing 75 µg/ml cycloheximide for 3 hours. The treated cells were then fixed and immunostained as described above. Rabbit polyclonal anti-MS2 antibody was employed to stain MS2-DEK, followed by Alex Fluor 555 goat anti-rabbit IgG antibody. In a random group of 30 cells, the numbers of cells with both NIH3T3 and SW620 nucleus and with HA-p68 in NIH3T3 nucleus or in the cytoplasm of fused cells were counted. The percentage of HA-p68 in the nucleus or cytoplasm of fused cells equals fused cells with HA-p68 in NIH3T3 nucleus or cytoplasm / total fused cells with expression of HA-p68.

Computational homology structure modeling the helicase core of p68 {#S13}
------------------------------------------------------------------

The sequence alignment of p68 RNA helicase core with homologous RNA helicase cores of several DEAD box family proteins (e.g. vasa, eIF4A, Dhhlp, and UAP56) was performed by the program ClustalW. The secondary structure elements were predicted based on the consensus analysis using computational programs JPRED, PHD, and PSIPRED \[[@R60], [@R61]\]. The homology modeling of the p68 RNA helicase structure was constructed using the homology-modeling server SWISS-MODEL based on X-ray crystal structure of *Drosophila* vasa \[[@R62]\], which has the highest alignment score with p68 RNA helicase core. The putative NLSs and NESs were indicated in the modeling structure.
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![P68 shuttles between the nucleus and the cytoplasm\
Representative images of SW620 cells expressing HA-p68s (WT, NLS-M, NES-M, NES5-M, and NES8-M). After fusion with NIH3T3 cells, the HA-p68s were immunostained using anti-HA antibody (Ab). The green signal represents staining of HA-p68s. DAPI stains DNA in the cell nucleus of the fused cells (DAPI). The same treated cells were also revealed by phase contrast microscopy (Phase). MS2-DEK (immunostained by antibody against MS2) was a negative control for nucleocytoplasm shuttling assays. Arrows indicate the nucleus of mouse NIH3T3 cells. The numbers on the right side of images are the percentages cells with the HA-p68s detected in NIH3T3 nucleus (HA-3T3/NE) or in the cytoplasm (HA-Cyto) of the fusion cells based on counting a random group of 30 cells.](nihms127668f1){#F1}

![NLSs of p68\
**(A)** Putative sequence segments of p68 that resemble NLS. **(B)** Representative of confocal fluorescent microscopy images show the localizations of p68 putative NLSs (N-terminal NLS1, NLS2, NLS3, NLS4) fused with DsRed in SW620 cells. The fused proteins were expressed in the cells. The red signal represents the expressed fusion proteins. The control is the expressed DsRed protein without the NLS fusion. **(C)** Examples of confocal images show sub-cellular localizations of the exogenously expressed HA-p68s in SW620 cells by immunostaining using anti-HA antibody (HA-p68). The green signal represents staining of HA-tag. The blue signal represents staining of DNA. HA-p68s, wild-type (WT) NLS mutant (NLS3-M, NLS4-M), were expressed in the cells. The right panels are overlay of anti-HA and DAPI stains. **(D)** HA-p68 NLS mutant (NLS-M) was expressed in different cell lines (indicated). Examples of confocal images of the cells show sub-cellular localizations of the NLS-M by immunostaining using anti-HA antibody. The top panel is the immunostaining using anti-HA antibody. The middle panel is DAPI stain of cell nucleus. The bottom panel is overlay of anti-HA and DAPI stains. In **(B), (C)**, and **(D)**, the numbers are percentage of cells showing similar image pattern (nuclear vs cytoplasm staining) in a random group of 50 cells. **(E)** The levels of exogenously expressed HA-p68s, wild type (WT) or NLS-Mutant (NLS-M) in the extracts made from the cytoplasm or the nucleus of T98G cells were examined by immunoblot using anti-HA antibody (IB:HA) (upper panel). The IBs with antibodies against lamin A/C and GAPDH are the loading controls. The bottom panel is the quantization of an average four separate experiments of the IB signals and presented as ratio of cytoplasmic over nuclear HA-p68s (WT or NLS-M).](nihms127668f2){#F2}

![NESs of p68\
**(A)** Putative sequence segments of p68 that resemble NES. **(B)** Examples of confocal fluorescent microscopy images of SW620 cells show localizations of p68 putative NESs (N-terminal fusion) fused DsRed. The fused proteins were expressed in the cells. The red signals are the fluorescence of the expressed fusion proteins. **(C)** Inhibition of the exporting of selected putative p68 NESs (NES2, NES5, and NES8) fused with DsRed protein by LMB. The fusion proteins were expressed in SW620 cells. The cells were treated with LMB 24 hrs post fusion protein expression. The confocal florescence images were taken 3 hours post drug treatments. **(D)** Examples of confocal fluorescent microscopy images of SW620 cells show the sub-cellular localizations of the p68 NES mutants (NES-M, NES5-M, and NES8-M) in by immunostaining using anti-HA antibody. The green signal represents staining of HA-tag. The blue signal represents staining of DNA. In **(B), (C)** and **(D)**, the numbers are percentage of cells showing similar localization pattern in a random group of 50 cells.](nihms127668f3){#F3}

![NESs and NLSs of p68\
**(A)** P68 truncates (illustrated in the **left panel**) containing different putative NLSs and NESs either fusion C-terminal flank eGFP or N-terminal HA-tag were expressed in SW620 cells. The numbers indicate the molecular weight of each fusion protein. The black bars indicate the location of NLSs. The gray bars indicate NESs. The white bars indicate that the corresponding NLSs were deleted. **(right panel)** Examples of confocal fluorescent microscopy images show the localizations of eGFP fused (up) or HA-tagged p68 truncates (down) in SW620 cells. The HA-tagged p68 truncates in SW620 cells were immunostained with anti-HA antibody (Green). The blue is DAPI stain of the cell nucleus and overlay of anti-HA and DAPI stains. The numbers are percentage of cells showing similar localization pattern in a random group of 50 cells. **(B)** Model structure of p68 RNA helicase core domain. The model structure was constructed based on the X-ray crystal structure of another DEAD box RNA helicase *drosophila* vasa. The positions of NLS3 and NLS4, NES2, NES5, and NES8 are indicated by arrows.](nihms127668f4){#F4}

![P68 nucleocytoplasm shuttle is RanGTPase pathway dependent\
**(A)** Exogenous expression of HA-p68s, wild-type (WT) and mutant (NES-M), and HA-CRM1 in SW620 cells were analyzed by immunoblot of whole cell lysate (WCL) using anti-HA antibody (IB:HA). **(B) (Left panel)** Cytoplasmic (Cyto) p68 levels of SW620 cells were analyzed by immunoblot using the antibody p68-rgg (IB:p68-RGG). Immunoblots of p68 in whole cell lysate (IB:p68-RGG) indicate cellular levels of p68. **(Right panel)** Nuclear (NE) levels of p68 in SW620 cells were analyzed by immunoblot using the antibody p68-rgg (IB:p68-RGG). **(C)** The cytoplasmic (Cyto) levels of exogenously expressed HA-p68s (WT and NES-M) were analyzed by immunoblot of cytoplasmic extracts using anti-HA antibody (IB:HA). In **(A), (B)**, and **(C)**, IBs of β-actin (IB:actin), GAPDH (IB:GAPDH), Lamin A/C (IB:Lamin A/C) are controls. The SW620 cells were transfected with vector alone (Vec), the vector for CRM1 (HA-CRM1), and the vector for CRM1 plus treatment with LMB (HA-CRM1 + LMB). **(D)** Co-immunoprecipitation of p68 with endogenous CRM1 in nuclear extracts (NE) of SW620 cells was analyzed by immunoprecipitation using the antibody Pabp68 (IP, p68). The immunoprecipitates were examined by immunoblot using antibody against CRM1 (IB:CRM1) and the antibody p68-RGG (IB:p68-RGG). Ponceau S staining the IgG haeve chain is the loading control (Ponceau S HC). Immunoprecipitation using rabbit IgG (IP, IgG) is negative control for co-immunoprecipitation. **(E)** Examples of confocal fluorescent microscopy images of SW620 cells show the cellular localizations of endogenous p68 (P68) and exogenously expressed HA-CRM1 (HA-CRM1). The cells were treated (+) or untreated (−) with LMB. Red signals are staining p68. The green signal represents staining of HA-tag. The blue signal represents staining of DNA. Overlay images are overlay of staining of p68, HA-CRM1, and DNA. The numbers are percentage of cells showing similar image pattern in a random group of 50 cells.](nihms127668f5){#F5}

![P68 interacts with importins *in vitro*\
**(A)** Immunoblot analyses of GST-p68 (IB:GST) and his-importin α2 (IB:His) in His-pull-down proteins (His Pull-down) from a protein mixture of GST-p68 wild-type (WT) or GST-p68 NLS-M with; his-importin α2 (α2), his-importin α2 and importin β1 (α2+β1), and Ni-TED beads alone (Beads). Importin β1 is visualized by immunoblot using antibody against importin β (IB: Importin β) **(B)** Immunoblot analyses of his-importin α2 (IB:His) and HA-p68 (IB:HA) in co-immunoprecipitates (IP:HA) from a protein mixture of HA-p68 wild-type (WT), HA-p68 mutant NLS-M (NLS-M), rabbit IgG (IgG), or protein G beads (Beads) with; his-importin α2 (α2), his-importin α2 and importin β1 (α2+β1). **(C)** Co-immunoprecipitation of p68 with endogenous importin α2 and β1 in whole cell lysate (WCL) of SW620 cells was analyzed by immunoprecipitation using the antibody Pabp68 (IP, p68). The immunoprecipitates were examined by immunoblot using antibodies against importin α2 (IB: Importin α2), importin β1 (IB: Importin β1), and the antibody p68-RGG (IB:p68-RGG). Immunoprecipitation using rabbit IgG (IP, IgG) is negative control for co-immunoprecipitation. In **(B)** and **(C)**, Ponceau S staining IgG heavy chain (Ponceasu S:HC) are the loading controls.](nihms127668f6){#F6}
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